Small cogeneration (CHP) systems may lead to a significant reduction of primary energy consumption and harmful emissions. Low temperature Rankine cycles, that can be assisted by solar energy, are a possible solution for producing combined electricity and useful heat. These cycles usually use an organic working fluid.
INTRODUCTION
There are many criteria a working fluid must satisfy in order to be suitable for energy conversion, some of which are not related to thermodynamic properties. ASHRAE lists toxicity, flammability, cost availability, thermal efficiency, and material compatibility as essential criteria for selecting an appropriate working fluid for a system [1] .
Properties of a good fluid are: low specific volumes, high efficiency, moderate pressures in the heat exchangers, low cost, low toxicity, low ODP and low GWP [2] . The other aspects include: low critical temperature and pressure, low vapor superheat requirement, low viscosity, low surface tension, high thermal conductivity, high molecular weight, Molier diagram close to isentropic, suitable thermal stability limits, compatible with turbine materials and lubricating oil, non-corrosive and non inflammable.
Organic Rankine Cycles are normally used for power generation from low-temperature heat sources. The ORC constitutes also another alternative as bottoming cycle in medium and large scale combined cycle power plants [3] , e.g., recovering energy from gas turbines. Isobutane is a common working fluid for temperatures below 200ºC, while toluene is often used at higher source temperatures [4] . Several other fluids have been studied for ORC applications such as npentane, ethanol, R-11, R-123, HFE7100, iso-pentane, benzene, p-xylene, ammonia, cyclohexane, etc. For an exhaustive list of working fluids used see references [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
One interesting fluid alternative is the transcritical carbon dioxide. Studies on nuclear plants using CO 2 have been published and showed that standard gas turbines can be used [12] . Nickl et al. [13] have used a free piston CO 2 expander, Fakuta et al. [14] reported their study on a vane type prototype expander, modified from a vane type oil pump, Huff et al. [15] presented their experimental investigation on the scroll expander, modifying a semi-hermetic R134a scroll compressor and Zha et al. [16] have developed a rolling piston expander for a transcritical CO2 cycle.
A recent paper has presented a theoretical analysis of fluid selection for organic Rankine cycle [2] . However they have imposed subcritical operation and fixed the temperature and pressure at turbine inlet. The system operates at 75ºC compatible with flat-plat solar collectors.
In this study we have chosen 9 fluids as candidates for the small organic Rankine cycle, with a net power output of 5kW, assisted by solar energy: n-dodecane, water, toluene, cyclohexane, n-pentane, HFE7100, R123, isobutane and R245fa. Two levels of the maximum cycle temperature were considered: 120ºC and 230ºC. These temperatures are compatible with evacuated CPC solar collectors and linear Fresnel concentrating solar collectors, respectively. The condenser temperature considered was 45ºC, compatible with dry cooling. The pressure at turbine inlet was optimized for maximum cycle efficiency. Supercritical operation was also analysed.
The vapor turbine considered was of the scroll type, adapted from scroll compressors. Actually, there are small scale ORC systems commercially available: a system with a scroll turbine, from Eneftech [17], a system with two-stage radial inflow turbine from Freepower [18] and an ORC system with a disc turbine from Infinity Turbine [19] with a net power from 5 to 12 kW.
ORGANIC FLUID CLASSIFICATION
Water is the working fluid of choice for the vast majority of large scale fossil-fired Rankine cycle plants. Water is well suited for those high temperature applications, but it has its limitations that become more significant during lower temperature operation. Organic fluids are generally extracted from petroleum. The main difference between organic fluids and water is their behaviour when expanding from saturated state through a turbine at low and moderate temperature. With most of organic fluids, an isentropic expansion from saturated vapor results in superheated vapor, rather than a two-phase mixture as with water, avoiding complications to turbine and cycle design. Basically, the working fluid can be classified into three categories. Those are dry, isentropic and wet, depending on the slope of the T-s curve. Water is a wetting fluid because its vapor saturation curve has a negative slope, resulting in a two-phase mixture upon isentropic expansion. A dry fluid has a positive slope, while an isentropic fluid has an infinitely large slope. These characteristic curves are show in Figure 1 for the 3 types of fluids. The degree to which organic fluids are drying is generally related to their molecular weight or molecular complexity. For organic fluids, the larger the molecular weight, the greater the slope of the T-s curve. Table 1 presents a classification of working fluids according to the slope of the saturation vapor line. Thermal stability is also an important parameter when choosing an adequate working fluid. Nevertheless, published thermal stability data is sparse, particularly in the range of temperatures and pressures used for organic Rankine cycles.
A recent experimental study was performed showing straight-chain alkanes, in particular n-pentane, possess good thermal stability at 315ºC [20] . Toluene also performed well at 315ºC. They concluded that benzene was found to be the most thermally stable fluid, due to the high resonance stabilization energy.
Phrabhu [21] has also concluded that benzene is the most thermally stable oft the candidate working fluids. Next after benzene was toluene. Cyclohexane presented a marginal stability at 287.8ºC -see Table 2 . Table 2 Relative stability compared to toluene at 398.9ºC [21] . Practical issues related to operation and maintenance of the cycle should also be taken into account. The saturated vapor specific volume gives an indication of condenser size, which is related with system initial cost. A super-atmospheric (>100 kPa) saturation pressure eliminates infiltration gases, which is important for operational reasons, because infiltration reduces system efficiency.
Figures 2 and 3 present the vapor specific volume and saturation pressure as a function of saturation temperature for the organic fluids in analysis, as well as water. Notice that organic fluid vapor volume varies four orders of magnitude between isobutene and n-dodecane. Organic fluids with low saturation volumes require smaller condensing equipment. By contrast, fluids with high saturation volumes are not reasonable for application, due to the large size of condensing equipment.
Regarding saturation pressures, we note that n-pentane, HFE7100, R123, R245fa and isobutene operate at superatmospheric pressure at 45ºC (condenser temperature). Superatmospheric operation is beneficial for small-scale applications, by eliminating infiltration of non-condensable gases. To eliminate non-condensable gases with a cycle operating with sub-atmospheric fluids, turbines with many stages could be used, as intermediate extraction points for a complex system of feedwater, which serves to increase cycle efficiency and remove the gases. 
FLUID ENVIRONMENTAL IMPACT AND SAFETY
The three environmental factors applicable to fluid comparison are ozone depletion potential (ODP), global warming potential (GWP), and atmospheric lifetime (ALT). ODP is a ratio of ozone destruction per unit mass of released gas [22] . R11 (CFC) is the reference for all chemicals and has an ODP of 1. Normally fluids have ODPs between 0.1 and 1. GWP is a factor that estimates how much the mass of a chemical will add to global warming, over a period of 100 years. Carbon dioxide is the reference chemical and has a GWP of 1. ALT is the length of time a gas will remain in the atmosphere based on its decay rate and its likeliness to bond with other gases.
ASHRAE 34 provides a safety classification for fluids. Table 3 summarizes these classifications according to flammability and toxicity of the fluid. Some fluids are not yet classified according to ASHRAE 34. To complement this information, the maximum time-average concentration for a normal 8 hour workday (TOX) was also presented. Table 4 illustrates the environmental and safety characteristics of the working fluids under analysis; some parameters are not available. Cyclohexane and water are good fluids from environmental and safety point of view. 
THERMODYNAMICAL ANALYSIS AND OPTIMIZATION OF AN ORGANIC RANKINE CYCLE
The system under analysis uses a micro-turbine and electric generator with a net power output of 5 kW. Such small turbines are recently available in the market, and have typical overall efficiencies around 70%. The system is represented in Figure 4 , and is composed of the primary circuit where the working fluid expands in the turbine, passes in regenerator and condenses in the condenser. The system is assisted by solar energy. The efficiency of electricity production was calculated through equation 1 and the second law efficiency could be calculated through equation 2. The Carnot efficiency is the maximum limit cycle efficiency and is function of high temperature source and low temperature sink. In this study the source temperature was approximate to 10ºC above the inlet turbine temperature and the sink temperature approximate to 10ºC below outlet condenser temperature -see equation 3 . The regeneration was considered if the outlet turbine temperature (point 2) was higher than pump outlet temperature (point 5). The regenerator efficiency is given by equation 4. For the present study we assume a value of 80%.
( )
For a fixed temperature, the degree of superheating, i.e. the pressure, was optimized for maximum cycle efficiency, with a quadratic approximation method [23] . This optimization makes it possible to decide if it is better to have saturated vapor or superheated vapor at turbine inlet, for a fixed temperature at turbine inlet imposed by the solar collectors field. Table 5 presents a comparison of different fluids for the cycle operating at 120ºC. The inlet and outlet turbine pressure, the ΔT of superheating at point 1, the specific volume at condenser inlet, the required heat to produce 5 kW of net electricity, the condenser heat, the cycle efficiency, the second law efficiency and the quality at turbine outlet are presented.
It was found that water (wet fluid) presents the best thermal performance. However, the micro-turbine doesn't allow the use of wet fluids. Among the other fluids, n-dodecane presents the best efficiency. Toluene and isobutane were the unique fluids to present advantage in superheating. The thermal performance analysis of the fluid for the cycle operating at 230ºC was more complicated. Only four fluids have a critical temperature above the cycle temperature of 230ºC: water, cyclohexane, toluene and n-dodecane. Ndodecane, with 0.4ºC of superheating, presents the best cycle efficiency -see Table 6 . For the fluids with a critical temperature below 230ºC, thermal performance was optimized changing turbine inlet pressure. N-pentane presents the best cycle efficiency -see table 7. However, another constraint must be considered according to the turbine manufacturer specifications. The inlet pressure in point 1 is limited to 2500 kPa. With this limitation, n-pentane still presents the higher cycle efficiency among the group of fluids with critical temperature below 230ºC -see Table 8 . In conclusion, with 230ºC, n-dodecane presents the best cycle efficiency. 
CONCLUSIONS
The main conclusions of this work are the most adequate fluid choices for the two levels of maximum cycle temperature: 120ºC and 230ºC. It is difficult to find the best fluid, which has simultaneously: high cycle efficiency, low vapor specific volume at turbine outlet, super-atmospheric saturation pressure, good thermal stability, small environmental impact, small toxicity and no flame propagation.
Water presented the best cycle efficiency for the two levels of temperature. However, it is a wet fluid and not suitable for small organic turbines.
For the cycle operating at the two levels of temperature, ndodecane presented the highest cycle efficiency within the dry and isentropic fluids. But this fluid presents the highest vapor specific volume, leading to a very large condenser and high initial cost; it also presents the lowest saturation pressures, leading to infiltration of non-condensable gases.
There are only four fluids with super-atmospheric saturation pressure: n-pentane, R245fa, R123 and isobutane.
The best candidates for the cycle regarding all the aspects are: toluene, cyclohexane and n-pentane. N-pentane doesn't require a feedwater or special sealing system because the cycle operates at super-atmospheric. However the fluid presents the highest vapor specific volume within the three fluids. From the point of view of environmental and safety, cyclohexane has a small impact compared with n-pentane followed by toluene.
For the system operating at 120ºC toluene presents a cycle efficiency of 12.4% against 12.3% of cyclohexane and 11.8% of n-pentane. These values of cycle efficiency are similar. For the system operating at 230ºC the difference in cycle efficiency is bigger. Toluene presents 22.3%, cyclohexane 21.6% and npentane presents 18.8%. A small efficiency leads to a high heat input in cycle and a big investment in solar collector surface. 
NOMENCLATURE

